Objective: Research on sources of variation in adolescent's gonadal hormone levels is limited. We sought to decompose individual differences in adolescent testosterone, estradiol, and pubertal status, into genetic and environmental components.
| INTRODUCTION
Activation of the hypothalamic-pituitary-gonadal axis during puberty results in the increased biosynthesis of androgens and estrogens; however, research is lacking on the sources of between-person variation in hormone concentrations. In particular, the extent to which individual differences in hormones reflect genetic differences between people, or are rather a biomarker of variation in environmental experience, is unclear. Supporting the role of genetic variation, genome-wide association studies have identified single-nucleotide polymorphisms in the sex hormone-binding globulin (SHBG) locus that affect circulating testosterone levels in adults. 1, 2 At the same time, environmental influences on hormonal levels may also be sizable, as observational and experimental research has established that hormones respond to psychological 3 and physiological stress. 
| Previous quantitative genetic research
Quantitative genetic designs use genetic similarities between relatives, most commonly twins, to estimate the extent to which variation in phenotypes is explained by environmental and genetic factors.
Although genes relevant to hormone biosynthesis may give rise to an average hormone level across participants, quantitative genetic studies only examine variation about the average. That is, the mean level of testosterone could be due to a constrained genetic architecture, with differences about this average entirely a reflection of environmental input. Prior twin studies suggest the heritability of testosterone levels varies across the lifespan (reviewed in Table 1 ). Three of 5 studies conducted with adolescent samples indicated higher heritability of testosterone in males than in females, although no sex differences and larger heritability in females than in males have also been reported.
However, estimates vary widely. A number of factors-hormonal phenotype, time of collection, included covariates, age range, and sample size-may have contributed to the heterogeneity in prior results.
Only 2 studies to date have estimated the magnitude of genetic influence of estradiol in females, and these studies focused exclusively on premenarcheal girls. The absence of twin research in a postmenarcheal sample is likely due to methodological challenges in controlling for variation in menstrual cycle phase in large samples. Our study will present the first quantitative genetic decomposition of variability in estradiol in postmenarcheal females. We begin to address the role of menstrual cycle variation by comparing biometric estimates between all females and a restricted subsample of noncontracepting females in the follicular phase of their menstrual cycle.
Twin designs are also able to estimate the magnitude of genetic and environmental contributions to the correlation between testosterone and estradiol, which is expected to be high given overlapping biosynthetic pathways ( Figure S1 ), and between pubertal status and gonadal hormones. Prior findings suggest that the phenotypic correlation between pubertal development and testosterone is moderate, with values reported between ~.2 and ~.5 for both sexes. [5] [6] [7] [8] A slightly larger association (~.4 to ~.7) has been described for estradiol and female pubertal development. the association between pubertal status and gonadal hormones reflects the influence of overlapping genetic causes. [5] [6] [7] In addition to understanding the underlying genetic component of phenotypic correlations, examining pubertal status and hormones together clarifies whether important genetic or environmental components of the pubertal process are missed when using only readily observable secondary sex characteristics.
| Goals of the present study
In the present study, we estimate sex-specific genetic and environmental contributions to individual differences in testosterone and estradiol. In line with prior findings, we hypothesized there would be a stronger genetic influence on testosterone in males, and near equivalent estimates of heritability for estradiol. The correlation between pubertal status and gonadal hormones was also parsed into genetic and environmental components. We predicted that this association would be genetically mediated in both sexes. After examining associations with age, hormones and pubertal status were residualized for age to examine variation in these outcomes relative to same age peers.
| METHOD

| Participants
Twins were identified using public school rosters from Austin and 
| Measures
| Zygosity
Opposite-sex twin pairs were classified as DZ. The zygosity of samesex twin pairs was assessed using responses to a survey concerning the twin's physical similarities (eg facial appearance) and the frequency that they are mistaken for one another. Parents, 2 research assistants, and each twin completed the survey. Scores on the measure were entered into a latent class analysis (LCA) that was used to obtain the above zygosity classifications. LCA using parent report for young twins on the same survey has been found to accurately determine zygosity ~93% of the time, as validated by genotyping. 
| Hormones
A saliva sample collected via passive drool was assayed to determine tes- used to measure testosterone and estradiol concentrations. The lower limit of sensitivity for the assays was 0.3 pg/mL for estradiol and 1.8 pg/ mL for testosterone; extremely high values were estimated from standard curves. The intra-assay and inter-assay coefficients of variation were <8% and <11%, respectively, for both testosterone and estradiol.
When possible, female adolescents were brought into the laboratory within the first 14 days of their menstrual cycle (day 0 = first day of menstruation). The average length of the follicular phase (including menses) in adult women is 16.5 days. 11 In addition, total cycle lengths are typically longer in adolescents. 12 Thus, using the cut-off of 14 days from the start of menses, it is reasonable to assume that the majority of adolescent females will be within the fol- *Twin models in Mplus only allow for a pair of individuals to be entered into the model, which requires triplets be entered as 3 separate twin pairs and quadruplets as 6 separate pairs. The complex sampling option was used to correct standard errors for the dependency between quadruplet and triplet pairs, and for repeat participants in the phenotypic models. In addition, the weighting option was used to correct for individual members of triplet and quadruplet groups that were entered into the model more than once.
| Pubertal status
Pubertal status was assessed using the Pubertal Development Scale (PDS). 13 All participants rated growth in height, growth of body hair, and skin changes on a 4-point scale (1 = Not Yet Begun to Change, 4 = Finished Changing). In addition to these 3 items, male participants rated growth of facial hair and deepening of voice on the same 4-point scale. Female participants also rated growth of breasts and whether they had begun to menstruate. The menstruation item was coded to be consistent with the 4-point scale (1 = No, 4 = Yes). Scores were taken as the average across the 5 items. Internal consistency for the current sample was good for both males (Cronbach's α = .83) and females (α = .75). The distribution of scores on the PDS by age and sex is depicted in Figure S2 . Table 2 provides descriptive statistics, including the observed range of hormone levels. Testosterone and estradiol were both positively skewed, and hormonal measurements were log-transformed to approximate normal distributions more closely and then standardized.
| RESULTS
All outcomes were residualized for sex-specific effects of body mass index and race/ethnicity (see Supplement for effects). Hormonal outcomes were additionally residualized for analytic batch, to control for random variation in the assays across years, and time since waking, to control for diurnal variation in hormone levels. † Finally, outliers were replaced, for males and females separately, using a winsorizing procedure that replaced extreme values by the highest observed scores within 3 standard deviations of the sex-specific sample mean. This involved replacing 3 female and 6 male outliers for testosterone, 3
female and 2 male outliers for estradiol, and 1 male outlier and eleven female outliers for pubertal status. All variables were standardized within sex to have a mean of 0 and standard deviation of 1.
| Phenotypic and Cross-twin correlations
The correlation between estradiol and testosterone concentrations was moderate for males (.43, 95% CI: .35, .52) and females (.52, 95%
CI: .44, .60), and unaffected when controlling for age ( Figure S3 for effects).
Higher (Table 2) .
Cross-twin, cross-trait associations (eg twin 1's testosterone correlated with twin 2's estradiol) are also reported in Table 2 . Higher MZ than DZ cross-twin, cross-trait, correlations indicate that phenotypic correlations are driven by genetic effects. The pattern of these correlations indicated that the correlation between testosterone and estradiol was largely environmental for males and females, but may additionally be described by a small genetic component for males and the restricted female sample. The cross-trait correlation between pubertal status and testosterone indicated genetic effects for males, while the remaining cross-trait correlations with pubertal status were minimal.
| Twin model specification
Three-group (MZ, same-sex DZ, and opposite-sex DZ) quantitative genetic models were fit to the data to determine variance attributable to additive genetic (A), shared environmental (C) and nonshared environmental factors, including error variance, unique to each twin (E). A bivariate Cholesky decomposition was fit for both sexes in which estradiol was regressed on testosterone ACE components. In addition, we fit a univariate twin model to pubertal status. Two types of sex differences were estimated in these models. In a qualitative sex differences model, the correlation between the A (r A ) factors in each twin pair is freely estimated for opposite-sex DZ pairs, rather than fixed to 0.5.
This allows for different sets of genes to influence the outcomes for males and females. Conversely, a quantitative sex differences model allows the magnitude of each ACE component's influence to differ across sexes. Quantitative sex differences are estimated in 3-group models by including interactions between each ACE component and the sex of the participant.
Model specification was informed by the pattern of twin correlations (see Supporting information for details). The primary results
reported here are from models that allowed for quantitative sex differences in all variables and in the cross-paths (eg estradiol regressed on A Testosterone ), and also allowed qualitative sex differences in testosterone and pubertal status. These models were estimated using both the full and restricted sample of females. In a final model, we estimate a bivariate Cholesky between pubertal status and testosterone. This model was only fit for same-sex male twins as the phenotypic correlation between testosterone and pubertal status was minimal for females. For the same reason, associations between estradiol and pubertal status were not examined for either sex. † Time since waking-computed as the minutes between waking that morning and the time of saliva collection-significantly predicted male testosterone (β = −.11, SE = .05, P = .02) but was not significant for female testosterone (β = −.06, SE = .05, P = .20). In addition, time since waking significantly predicted female estradiol (β = −.13, SE = .05, P = .004) but not male estradiol (β = −.03, SE = .05, P = .49). This is in line with findings that adolescent testosterone decreases throughout the day 14 and adolescent estradiol decreases for females who recently completed puberty. 
| Model results
Parameter estimates are summarized in Table 3 . To illustrate these results, Figure 1 shows the proportions of total variance in pubertal status, testosterone, and estradiol that are attributable to additive genetic, shared environmental, and nonshared environmental differences. Pubertal status was primarily due to nonshared environment in all groups. The remaining variance in pubertal status was largely heritable in males (h 2 = 36%) relative to minimal additive genetic influences for the full (h 2 = 3%) and restricted female sample (h 2 = 4%). When all females were included in analyses, the heritability of gonadal hormone concentrations was higher in males (testosterone: h 2 = 60%; estradiol: h 2 = 44%) than in females (testosterone: h 2 = 6%; estradiol: h 2 = 12%). Female-specific heritability estimates for hormones increased when analyses were restricted to a subset of noncontracepting, menstruating females in the follicular phase (testosterone: h 2 = 51%; estradiol: h 2 = 31%).
The remaining variance in testosterone for the full female sample was largely due to shared environment. This suggests heterogeneity within the full female sample did not decrease heritability due to increased error variance, as this would have resulted in higher nonshared environmental variance components. As the majority of females excluded in the restricted sample were in the luteal phase, this particular phase may be characterized by higher levels of shared environmental input.
In addition to estimating the sex-specific heritabilities, the models also capitalized on the inclusion of opposite-sex DZ twins to estimate the extent to which the same set of genetic variants influenced testosterone and pubertal status. When including all female participants, genetic influences on testosterone (r A = .15, SE = .28) and pubertal status (r A = .14, SE = 1.09) were minimally correlated between opposite-sex DZ twins. Using the restricted female sample, opposite-sex DZ correlations were estimated above 1 for pubertal status and testosterone and subsequently fixed to 0.5. This is likely due to the large sample size needed to accurately estimate this correlation.
The total variance in estradiol can be further split into components unique of, versus shared with, testosterone. Unstandardized estimates by sex are provided in Figure S3 . The largest cross-paths between testosterone and estradiol in the full female sample were shared and nonshared environmental, explaining 20% and 18% of the total variance, respectively. Similarly, the largest cross-path for All outcomes were residualized for race and BMI. Hormonal outcomes were also residualized for time since waking and analytic batch. Female-restricted participants were off hormonal contraceptives and in the follicular phase of their menstrual cycle. The point estimates for opposite-sex twins were equivalent using the female-restricted sample (results not presented). Phenotypic correlations on the upper diagonal, and cross-twin correlations, were calculated for outcomes additionally residualized for age and age
2
. Means, standard deviations, and ranges reflect untransformed values for interpretive purposes. 95% confidence intervals are given in parentheses and are corrected for the dependency between within-family observations. males was shared environmental (15%). These were both in contrast to a large additive genetic cross-path for the restricted female sample (25%). The bivariate model of pubertal status and testosterone in males (Table 4) indicated that additive genetic and shared environmental predictors of pubertal status explained the largest portion of total variance in testosterone (18% and 19%, respectively) . Results The model allowed for quantitative sex differences in all outcomes and cross-paths and qualitative differences in pubertal status. Variance due to shared environmental effects in pubertal status was estimated at 0 and was subsequently fixed to 0. Female-restricted participants were off hormonal contraceptives and in the follicular phase of their menstrual cycle. Standard errors are shown in parentheses. All variables were residualized for sex-specific effects of age, age 2 , BMI, and race; hormonal outcomes were residualized for time since waking and analytic batch. Model-implied correlations are not shown for parameters estimated at <.01. ***Significantly different than zero at P < .001; **P < .01; *P < .05. Model-implied correlations are not shown for parameters estimated at <.01. ***Significantly different than zero at P < .001; **P < .01; *P < .05.
T A B L E 3 Proportion of variance explained in quantitative and qualitative sex differences model
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Bivariate model of pubertal status and testosterone in males only based on model comparisons were largely consistent with the results described above (Tables S1 and S2 ).
| DISCUSSION
The current paper examined genetic and environmental determinants of testosterone, estradiol, and pubertal status in a diverse sample of adolescent twins. The heritability of all phenotypes was higher in males and in a more homogenous set of female participants than in the full female sample. Although testosterone and estradiol are both associated with a host of socially important adolescent outcomes (eg externalizing behaviours), 16, 17 it is unclear whether these associations reflect hor- More generally, we find that hormone levels reflect both genetic and environmental variations for both sexes. If these environments oscillate, multiple samples may be necessary to gain a comprehensive understanding of the individual's hormonal development. Future research should look to identify measurable environments that predict environmental variance in adolescent hormones. This would allow for intervention strategies that seek first to modify these environmental targets for individuals deviating from developmental curves.
A large proportion of variation in estradiol resulted from nonshared environmental influences in males and in both samples of females. This finding might be interpreted as a reflection of measurement error. However, within adult females, significant differences in average estradiol levels have been reported across separate menstrual cycles only a few months apart. 20 These large within-person deviations are suggestive of high levels of individual-specific environmental input. It, therefore, appears reasonable to expect differences in estradiol levels even between identical twins who provide samples at the same time. Hormonal discordance due to individual-specific environmental input offers a possible biological explanation for disparate, hormonally influenced, behaviours across identical twins.
| Limitations
Participants provided single hormone measurements that may reflect a combination of transient and stable hormonal variation. In addition, self-reported pubertal development may be unreliable, and future research should look to obtain multiple indicators within the same sample (eg physician rated Tanner stage). Participants in the current study were characterized by a relatively wide age range, and results may have aggregated across disparate developmental processes. In addition, females that were towards the later stages of pubertal development may have attenuated phenotypic associations between puberty and estradiol. Although the current study represents the largest genetically informed sample to examine hormone levels in adolescence, the sample size is still small for detecting qualitative sex differences.
| CONCLUSIONS
This study is the first to examine the heritability of gonadal hormones in menstruating females and the largest twin sample to date to report quantitative genetic decompositions of estradiol and testosterone variation. Gonadal hormones are increasingly linked to human behaviour, but it is currently unclear whether this correlation is driven by genetic or environmental pathways. The present findings, therefore, make an important contribution to the growing literature on determinants of hormone concentrations.
